Fresh heparinized and ACD stored blood from smokers showed a reduced oxygen content when equilibrated with 95 per cent oxygen in vitro for 30-45 min This was associated with a raised carboxyhaemoglobin level, which persisted beyond the normal 21-day period of storage of donor blood.
When some of the haemoglobin is "unavailable" for oxygen, due for example to the presence of carboxyhaemoglobin, the factor (ml/g) obtained from this equation will be reduced accordingly. From the figure measured thus, we have derived firstly the oxygen content in terms of a constant 14 g of haemoglobin. This simplifies interpretation since the haemoglobin concentration varied between different equilibrated blood samples, and there is no concern with oxygen dissolved in solution. Secondly, we have expressed the results as differences in the "oxygen content per 14 g of haemoglobin" between control (non-smoker) blood samples drawn from ourselves and samples from smokers.
Total oxygen content was measured by the Van Slyke manometric technique. The standard deviation of repeated measurements of the oxygen contained in solutions of hydrogen peroxide was ± 0.10 about a mean of 15 vols/100 ml.
Pa^ was measured with an electrode calibrated with whole blood equilibrated continuously with 100 per cent oxygen. At a mean Pao, of 676 mm Hg, the standard deviation was ± 8.9.
Haemoglobin concentration was measured from optical density measurements at 540 ntn, using a Pye Unicam SP 1800 spectrophotometer. The international cyanmethaemoglobin standard of 113 g/100 ml (Diagnostic Reagents Ltd.) was compared to a 1/201 dilution of the unknown blood (0.5 ml added to 100 ml Drabkin solution), or lyzed whole blood standards of 13.8 g/100 ml or 14.1 g/100 ml were used for quadruplicate comparisons with the unknown. The standard deviation was ±0.09 around a mean of 14.6 g/100 ml.
Data were obtained from one patient and seven subjects who usually smoked 20-30 cigarettes daily; three were regular blood donors, and four were members of the hospital staff. Each of the authors supplied die control blood for the measurement in tables I and n, and tables HI and IV respectively. •Present address: Department of Anaesthetics, Glasgow Royal Infirmary.
In the case of fresh samples, 50 ml of venous blood was withdrawn into heparinized plastic syringes between 9.00 and 10.00 ajn., and was placed in the refrigerator. During the day's study, separate 6 ml aliquots were used for equilibration with 95 per cent oxygen/5 per cent CO a . Two tonometers with identical characteristics were used, the control (non-smoker) samples being interspersed randomly among the unknowns, so that a total of 12 equilibrations was usually carried out on each day.
After a period of heavy smoking, two subjects gave heparinized blood samples in the morning of separate days for repeated measurements of oxygen capacity, percentage carboxyhaemoglobin (Commins and Lawther, 1965) , and methaemoglobin (Evelyn and Molloy, 1938) ; these were compared with the values in control fresh blood samples on the same day.
Another subject smoked several cigarettes, then breathed 100 per cent oxygen for a period of 100 min, during which periodic determinations of carboxyhaemoglobin were made in order to plot the rate of elimination of carbon monoxide.
From two of the three regular blood donors, who gave the standard volume for storage in ACD solution in plastic bags, fresh heparinized samples were taken at the same time, and then again 6 days and 14 days later (Le., during storage of the ACD donation); this permitted an in vitro comparison of the oxygen capacities of the fresh heparinized and ACD blood from each of the two donors. Carboxyhaemoglobin was measured spectrophotometrically at intervals. ACD blood in a bottle from a third donor was also studied on several occasions following the normal 21-day expiry date for transfusion.
Two staff members, who were heavy smokers, donated approximately 100 ml of venous blood which was then stored in ACD solution in plastic bags for later study. Subsequently, the same procedure was followed for blood from 3 non-smokers (including the two authors).
RESULTS

Oxygen content of heparinized smokers' blood.
When heparinized venous samples were withdrawn from two smokers (blood donors) and equilibrated with 95 per cent oxygen/5 per cent CO, for 30-45 min (Pao, approximately 650 mm Hg), the oxygen content was lower than in control samples from a non-smoking subject (equilibrated at the same time). This was confirmed on three occasions at intervals of 6-7 days. Table I shows the comparative deficit in oxygen content in smokers' blood, expressed as ml oxygen/14 g haemoglobin. Measurements of percentage carboxyhaemoglobin in the blood of both these smokers indicated that high levels remained even after equilibration in vitro.
Oxygen content of ACD stored blood from smokers. The ACD stored blood (in plastic bags) from the two donors who were smokers also showed lower oxygen contents in comparison with fresh heparinized non-smoker's blood, when equilibrated with oxygen on three separate occasions up to 18 days of storage (table HI). Measurements of percentage carboxyhaemoglobin in the ACD blood (as sampled from the container, not equilibrated), at intervals between the 7th and 27th days of storage, showed levels averaging 7.6 per cent and 6.5 per cent for the two donors. Similar reductions in oxygen capacity were also measured when bottled blood from a third donor, also a smoker, was studied 23 days after donation (donor 3 in table HI).
To confirm the preceding studies, a period of deliberate heavy smoking by two volunteers, before donating blood for storage in ACD solution in plastic bags, was found to reduce the oxygen content when this was measured 18 days and 24 days later (table  IV) . As shown, equilibration with oxygen failed to reduce greatly the percentage haemoglobin which was combined with carbon monoxide.
When blood was withdrawn from three nonsmokers and was then stored in ACD solution in plastic bags, there was no significant reduction in oxygen capacity in comparison to fresh heparinized blood, when measured on two occasions 21 days and 24 days after donation. Also, the oxygen contents of equilibrated smoker's blood did not differ significantly according to whether it was withdrawn into ACD solution or heparinized syringes.
The carboxyhaemoglobin level in non-smokers never exceeded 1 per cent, and was commonly undetectabk. Similarly^ before or after equilibration of smokers' or non-smokers' blood, the amounts of methaemoglobin measured were low, in the range of 0-1 per cent only.
These studies indicate that the reduction in oxygen content in smokers' blood is attributable to the presence of carbon monoxide. This is reinforced by figure 1, which shows the linear relation, from the data used for tables II and IV, between percentage carboxyhaemoglobin and oxygen content (ml/14 g haemoglobin) in fresh heparinized and ACD stored blood.
It should be noted that variations in the oxygen content measured at different times in the same stored blood, shown in tables HI and IV, reflect variability in carbon monoxide elimination during equilibration rather than an alteration in the carboxyhaemoglobin level during storage. These experiments have also demonstrated a slow and incomplete displacement of carbon monoxide by oxygen in vitro. Figure 2 , by comparison, shows the reduction in percentage carboxyhaemoglobin which was measured when a volunteer smoker breathed 100 per cent oxygen, Pao a being above 600 Tnm Hg. The half-time for elimination of carbon monoxide under these optimum conditions was about 45 min.
DISCUSSION
The findings described here probably underestimate the actual reduction in "available oxygen capacity" caused by cigarette smoking, since of necessity tie measurements had to be made after equilibration of blood with 95 per cent oxygen in vitro. The nature of the experiment, therefore, created a situation most favourable for converting carboxyhaemoglobin to the oxygenated form, without the possibility of endogenous carbon monoxide production. Nevertheless, the "oxygen deficit" was readily demonstrated in fresh heparinized blood, and more unexpectedly in ACD bank blood from smokers throughout the duration of storage. We have no reason to suspect that factors other than carbon monoxide were responsible.
In spite of the slow half-time for elimination of carbon monoxide during breathing 100 per cent oxygen in vivo, which is extended to about 250 min in an air atmosphere (Forbes, Sargent and Roughton, 1945) , it is surprising that so little carbon monoxide displacement occurred in vitro under conditions of full oxygenation, employing tonometers which allow a continuous steady inflow and outflow of gas. In these experiments, the half-rimô f carbon monoxide in vitro was considerably longer than the in vivo period of 45 min. The present findings arose incidentally from a study of the normal oxygen capacity of haemoglobin (Factor, in ml/g), for which blood free from carboxyhaemoglobin, methaemoglobin, or other inactive compounds is required. Over the period of these investigations, the variations in the factor value from day to day was significantly greater than that occurring on a single day. It was essential, therefore, to compare the blood of smokers and of non-smokers at coincident times. Also, the haemoglobin content of each of the equilibrated blood samples varied. For these reasons, the results have been expressed as reductions in oxygen content below that of normal blood, after standardization to 14 g haemoglobin.
Including the present studies, we have analyzed blood samples from eight smokers, all obtained in the morning and showing carboxyhaemoglobin levels in the range 3.4-12.5 per cent. While the highest figure was associated with the deliberate smoking of eight cigarettes before a sample drawn at midday, it is likely that under usual conditions the blood levels will increase as smoking is continued throughout the day. It is also of interest that 8.6 per cent carboxyhaemoglobin was measured recently in a patient who reported for pulmonary function tests in our department, and had not been advised to stop smoking beforehand.
Certain pulmonary investigations may involve the indirect derivation of blood oxygen content from haemoglobin concentration, Pao 2 , and percentage oxygen saturation, and commonly assume a normal combining capacity; in the presence of "unavailable haemoglobin" caused by carbon monoxide, substantial errors might be introduced. For example, in assessing pulmonary shunting, the calculation is usually obtained from directly measured Pao 2 . If the oxygen combining capacity is assumed to be normal but is in fact reduced by about 10 per cent, the figure for "calculated shunt" could be overestimated by as much as 100 per cent. This error would be avoided if both values are derived, or both could be measured.
Blood carbon monoxide levels in smokers have been extensively documented (Kjeldsen, 1969) . Apart from reducing oxygen content because of a haemoglobin affinity about 210 times that of oxygen, carbon monoxide also shifts to the left the dissociation curve of the remaining oxyhaemoglobin (Douglas, Haldane and Haldane, 1912) , leading to impaired oxygen release to the tissues. Concurrently, there would be a higher oxygen saturation at lower POj, an effect which might enhance oxygen equilibration in vitro.
In a recent assessment of the carbon monoxide levels in smokers about to donate blood, it was suggested that smoking should be restricted in the period before blood donation (Shields, 1971) . Our data show that a high carboxyhaemoglobin level will remain virtually unchanged during storage in ACD solutions in closed containers, and suggest that it will persist in the recipient's circulation for some time after transfusion. While a reduction in oxygen capacity of the order of 10 per cent may be unimportant in many situations involving healthy patients, there could be an adverse effect if large amounts of smokers' blood must be given rapidly, as in major surgery, resuscitation after severe trauma or exchange transfusion. In anaesthetized patients, also, elimination of carbon monoxide from donated blood could be delayed as a result of respiratory depression, the use of closed circuit apparatus, or because nitrous oxide is often the main anaesthetic agent in combination with relatively lower (20-30 per cent) than higher oxygen concentrations. Given the choice, there seems little doubt that in the emergency situation the clinician would select nonsmokers' blood for transfusion.
